Introduction
Contrast-enhanced (CE) magnetic resonance imaging (MRI) of the breast has emerged as a promising imaging tool with a high sensitivity for cancer detection [1, 2] . However, specificity is limited, leading to an increased rate of supplementary diagnostic work-up [3] . CE-MRI is based on the depiction of newly formed proliferating tumor vessels with fragmented leaky basement membranes, also referred to as tumor neoangiogenesis [4] [5] [6] [7] [8] . Nevertheless, access to CE-MRI is limited to larger metropolitan areas, and the procedure is expensive and time-consuming. In addition, patients with metallic implants, pacemakers, allergies to gadoliniumbased contrast agents, or severe claustrophobia are not suitable for CE-MRI. Contrast-enhanced dual-energy mammography (CEDEM) is an emerging new X-ray technique that is also based on the depiction of tumor neoangiogenesis [9] . When added to mammography, it has the potential to increase diagnostic accuracy [10, 11] and can facilitate the visualization of breast lesions [11, 12] . Accuracy, sensitivity, specificity, lesion detection rate, and assessment of tumor size are comparable to CE-MRI of the breast [13] [14] [15] [16] [17] . The BI-RADS lexicon provides descriptors and assessment categories that can be used to predict the likelihood of malignancy for contrast-enhancing lesions on CE-MRI [18, 19] . Recent studies have used MRI imaging characteristics for the evaluation of CEDEM images [9, 10, 13, 14] ; however, there is no data on the direct applicability of the MRI BI-RADS descriptors for contrastenhancing lesions on CEDEM.
The purpose of this study was to evaluate the comparability of the BI-RADS descriptors of contrast-enhancing mass lesions on CEDEM and MRI, and to ascertain whether this approach results in the same BI-RADS score.
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Patients and Methods
This prospective study was approved by the institutional review board. Written informed consent was obtained. The equipment was provided by Siemens Healthcare (Erlangen, Germany), and the authors had complete control of the data and the article submitted for publication. Some patients and imaging data were used in a previous study [20] .
Patients
Study enrollment was offered to patients who were recalled for suspicious mass lesions on screening mammography (American College of Radiology (ACR) BI-RADS 4 or 5 according to the 5th edition of the BI-RADS lexicon). Exclusion criteria were breast implants, any history of breast surgery, or prior cancer treatment due to the unknown effect of implants and scars on the subtraction algorithm for the calculation of the CEDEM image. Further exclusion criteria were metallic implants, contraindications for the administration of iodine-or gadolinium-based contrast agents, and pregnancy. In premenopausal women, examinations were performed in the second week of the menstrual cycle.
CEDEM
All CEDEM examinations were performed using a modified Siemens Mammomat Inspiration unit (Siemens Healthcare). CEDEM was performed as described previously [20] . Briefly, an image pair, consisting of a high-energy (HE; above the k-edge of iodine, 33.2 keV) and a low-energy (LE; below the k-edge) image, was obtained consecutively during a single breast compression after contrast medium administration. Tube voltage for HE was fixed at 49 kVp and varied between 26 and 32 kVp for LE images dependent on breast thickness and glandularity. Breast positioning and compression force for CEDEM were equal to those of conventional mammography. Non-ionic iodine contrast medium (Iomeron ® 400, Bracco, Milan, Italy) at 2 ml/kg body weight and a rate of 3.5 ml/s was administered with a power injector (Ulrich Medical, Ulm, Germany), followed by a 25-ml saline flush. After 60-90 s, the breast was compressed and imaging began. In this prototype study, imaging was restricted to 1 view where the lesions were best visible, in order to clearly depict the anatomical details. However, in the clinical setting, 2 views are mandatory. HE and LE images were registered non-rigidly to compensate for possible subtle tissue motion. Subtracted CEDEM images were generated via weighted subtraction using a fully automatic, locally adjusted, tissue thickness-dependent subtraction factor to avoid over-subtraction at the breast border [20] .
Image Acquisition -MRI MRI examinations were performed on a 3 Tesla MR Scanner (Tim Trio TM , Siemens Healthcare) with a dedicated 4-channel double breast coil. A combined high temporal and high spatial resolution MRI protocol was used [21] . All examinations were performed in prone position. Examinations were performed using 0.2 mmol/kg body weight Gd-DOTA (gadoterate meglumine, Dotarem ® , Guerbet, Villepinte, France) intravenous contrast agent, injected with a power injector at 4 ml/s followed by a 25-ml saline flush. MRI and CEDEM examinations were scheduled for the same day in premenopausal woman and within 14 days in postmenopausal woman. The examination order was depended on timetable availability. The time interval between CEDEM and MRI was greater than 1 h when scheduled on the same day.
Image Evaluation
All MRI scans and CEDEM images were evaluated independently by 2 senior breast radiologists with more than 6 years' experience in breast imaging. In the case of a discrepancy, the final decision was made in consensus. No information on inclusion criteria, clinical data, patient history, or previous mammograms was provided. Screening full field digital mammography (FFDM) images were also available in all patients.
Reading was performed in 2 independent sessions. First, the CEDEM images were reviewed. 30 days later, MR images were evaluated with the whole set of acquired sequences available. Images were anonymized and shown in random order. All images were reviewed based on the criteria from the BI-RADS lexicon [19] . CEDEM images were evaluated using criteria related to contrast enhancement intensity and morphology according to the MRI part of the BI-RADS lexicon [19] . Subjective judgment of lesion enhancement was performed based on the scale of none, mild, moderate, and strong [22, 23] . Lesion size measurements were rated equal when the difference between the greatest diameters was lower than 0.5 cm in the enhancing index lesions. The same criterion was used for the whole extent of the multicentric/multifocal lesions. The final diagnosis was established via core needle biopsy and/or surgery in all patients [24] . The histopathologic diagnosis was used as the standard of reference.
Results
A total of 11 female patients (median age 58 years; range 45-74 years) with 5 benign and 6 malignant index lesions were included in this study over a 9-month period. The details for each patient are summarized in table 1. There were no signs of allergic reactions after the administration of any of the contrast agents. Of the 6 patients with malignant lesions, 3 had a single lesion, 1 had a multifocal cancer with 4 lesions (patient 5; fig. 1 ), and 2 had a multicentric cancer with 3 and 5 lesions, respectively (patients 6 and 10; fig. 2 ). Breast density was ACR A in 1, ACR B in 6, ACR C in 2, and ACR D in 2 patients. Background parenchymal enhancement was minimal in 2, mild in 4, moderate in 4, and marked in 1 patient, and was symmetrical in all. Overall, the BI-RADS assessment was almost identical in all cases. 1 malignant lesion was rated BI-RADS 4 on CEDEM and BI-RADS 5 on MRI. 1 benign lesion was rated BI-RADS 2 on CEDEM and BI-RADS 1 on MRI. An inflammatory stromal change (patient 7; fig. 3 ) showed signs of malignancy and was rated BI-RADS 5 on both imaging tests, and thus resulted in 1 false-positive case. Enhancement characteristics were similar in both imaging tests. Strong enhancement was usually seen in malignant lesions. The enhancement of the 2 enhancing benign lesions was moderate on CEDEM and strong on MRI. Regarding the BI-RADS descriptors, discrepancies were noted with respect to shape in 1 cancer and with respect to margin in 1 benign and 1 malignant lesion. However, the final BI-RADS score was not influenced. Both imaging tests depicted the same number of additional lesions. Those were small contrast-enhancing lesions with a diameter of up to 1 cm and imaging characteristics comparable to the index lesions, and proved to be malignant in the final histopathologic work-up. Size measurements were comparable in all enhancing index lesions. The size measurement in the multifocal/multicentric cases was almost identical between the 2 techniques.
Discussion
Our study shows that the BI-RADS descriptors for CE-MRI can be safely applied for CEDEM. Discrepancies were rare and did not influence the final BI-RADS score. Thus, MRI BI-RADS descriptors can be applied for the analysis of mass lesions in CEDEM.
We saw a high agreement rate between CEDEM and MRI for the BI-RADS descriptors shape, margin, lesion enhancement, and internal enhancement in malignant as well as in benign lesions. In Table 1 . Het.
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2 malignant tumors, the margin descriptors, irregular and spiculated, were used differently. However, both are features with the highest predictive value for malignancy [18] . In another malignant case, the lesion shape was rated round on CEDEM and irregular on MRI. An irregular shape is more likely to be malignant; however, a round shape can also be associated with malignancy [18] . Nevertheless, this lesion was still rated as highly suggestive of malignancy due to the irregular margins, the strong contrast enhancement, and the rim enhancement, and did not lead to a missed cancer case on CEDEM. In accordance with other studies, strong contrast enhancement on CEDEM was highly suggestive for malignancy [9, 10] . Moreover, we can confirm that the enhancement characteristics in malignant lesions were equal on CEDEM and MRI [13, 15] . We can also support the findings of Jong et al. [25] that enhancing benign lesions can be depicted with CEDEM. The enhancement was moderate on CEDEM and strong on MRI in both enhancing benign lesions. This observation is in accordance with Łuczyńska et al. [23] who reported that benign lesions most frequently show medium or weak enhancement on CE mammography. However, there is no data on the different enhancement of benign lesions on CEDEM and MRI. The lesion shape was rated equally. 1 benign case was false-positive in both techniques. Here, as in the true-positive cases, irregular and spiculated were used differently. However, this slight difference did not influence the final classification ( fig. 3 ). Furthermore, CEDEM was able to depict dark internal septations in all fibroadenomas. The septations correlate with collagenous bands in histopathologic analysis and have a high predictive value for benign breast lesions [19] . Although there were some differences in single BI-RADS descriptors, the overall BI-RADS score was equal in all except 2 cases. However, there would have been no change in the clinical work-up according to CEDEM.
Compared to other studies on CE mammography, we were able to perform a detailed morphologic analysis of all lesions according to the BI-RADS lexicon, and compared these findings to the MRI descriptors. 1 false-positive case was identical with both techniques. This suggests a limited specificity of CEDEM comparable to that of MRI [26] . However, the real specificity of CEDEM is still unclear. Further larger studies are necessary.
In line with Jochelson et al. [15] and Fallenberg et al. [13] , we were able to detect additional lesions with high sensitivity. There was an accurate correlation of the lesion size on CEDEM and on MRI in the index lesions as well as in the whole tumor extent in multifocal and multicentric cancers ( figs. 1 and 2) .
The data from our prototype study is limited due to the small sample size and the unbalanced distribution of malignant and benign cases.
Due to the prototype setting, the number of patients included in the study was low. Certain differences in interpretation between the 2 methods cannot be excluded. The different kinetics of iodineand gadolinium-based contrast agents might influence lesion morphology. This could lead to a different interpretation of BI-RADS descriptors on CEDEM and MRI. Thus, studies with larger patient numbers are needed to overcome this limitation.
Nevertheless, the analyzed cases demonstrated that MRI BI-RADS descriptors of contrast-enhancing lesions can be applied for the morphologic analysis of mass lesions on CEDEM. In addition, we only included mass lesions. However, we believe that the MRI BI-RADS descriptors for non-mass enhancing lesions are applicable for CEDEM as well. Nevertheless, this should be evaluated in a separate study. In addition, due to the prototype setting, we did not assess the contrast kinetics of the lesions, as the feasibility had already been demonstrated by Dromain et al. [9] .
In conclusion, the preliminary results from our small sample size study show that the MRI BI-RADS descriptors of contrast-enhancing lesions can be applied for the morphologic analysis of mass lesions on CEDEM. Partial discrepancies in the interpretation did not influence the final BI-RADS score. A good differentiation between benign and malignant lesions is possible with the application of the MRI BI-RADS descriptors in CEDEM. However, studies with larger patient numbers, including non-mass lesions and contrast kinetics, are necessary.
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